For deuteron electroweak disintegration, parity violating effects are investigated which arise from the interference of γ and Z exchange as well as from the hadronic sector via a small parity violating component in the deuteron. The general formalism for the differential cross section and polarization observables of electromagnetic deuteron disintegration is extended to incorporate parity violating contributions. Formal expressions for the additional structure functions are derived. Results are presented for these parity violating structure functions for quasifree kinematics neglecting final state interaction and two-body effects. Both types of parity violating contributions to the asymmetry of the inclusive reaction with respect to longitudinally polarized electrons are evaluated. The one from parity violating deuteron components is negligible over the whole range of momentum transfers considered.
I. INTRODUCTION
After the discovery of parity violation in weak processes in 1957, their manifestation in electromagnetic and strong processes has been subject of many detailed investigations [1] [2] [3] [4] [5] .
The recent interest in studying parity violation by electroweak interference is motivated by the possibility to investigate the so-called strangeness or better ss-content of the nucleon, a quantity of particular interest with respect to the nucleon spin structure functions as measured in deep inelastic scattering [6] [7] [8] . In fact, several experiments to measure parity violation in electron scattering off hydrogen and deuterium are presently underway [9] [10] [11] [12] .
In these experiments, deuterium serves as a neutron target and for this reason quasifree kinematics is preferred in order to minimize possible interaction effects.
Parity violation in inelastic electron deuteron scattering has been studied before theoretically by Hwang et al. [13, 14] in the low energy and momentum transfer domain and by Hadjimichael et al. [15] for a larger kinematical range, in particular for quasifree kinematics at high momentum transfers. Relativistic contributions have been considered recently by Poulis [16, 17] . Furthermore, during completion of this work another calculation by Mosconi and Ricci appeared [18] . While in [14] the parity violation by electroweak interference as well as through parity violating nuclear components has been considered, the latter has been neglected throughout in the more recent evaluations [15] [16] [17] [18] , although the authors of [15] remark that such effects should be investigated in order to see for which kinematical situations they can indeed be neglected or have to be included.
It is, therefore, the purpose of this study to investigate parity violation in deuteron disintegration by electrons in the quasifree region for energy and momentum transfers far beyond the ones studied in [14] by considering simultaneously both possibilities, i.e., on one hand parity violation in the deuteron via a parity violating part in the NN potential, and on the other hand in the scattering process itself through the electroweak interference from virtual photon and Z exchange.
The presence of a parity violating NN potential V pnc has the consequence that the nuclear states are no longer states of good parity, i.e., besides the dominant state | J π of angular momentum J and parity π there will be a small admixture of opposite parity | J −π , with an amplitude F of the order 10 −6 [19] . In the case of the deuteron, the admixture of opposite parity components must result in a P -wave, given the possible spin states and the total angular momentum. For the calculation of these P -wave components we will use for V pnc the one-boson-exchange model of Desplanques, Donoghue and Holstein [20] . Based on the quark model and SU(6) w symmetry, they made predictions for all meson-nucleon couplings from both charged and neutral current pieces of the weak Hamiltonian.
This paper is organized as follows: In Sect. II we extend the basic formalism for describing pure electromagnetic electrodisintegration of the deuteron to the electroweak case, and introduce additional parity violating structure functions. In Sect. III the parity violating NN potential is introduced and the parity violating components to the deuteron wave function are calculated. Furthermore, we show a few of the resulting new pnc (parity nonconserved) structure functions for the quasifree case. The pnc structure functions corresponding to the second mechanism of parity violation, i.e., electroweak interference, are considered in Sect. IV. The quantity of experimental interest, the longitudinal asymmetry of the inclusive reaction, is investigated for both cases in Sect. V. Finally, we summarize and give some conclusions in Sect. VI.
II. FORMALISM FOR ELECTROWEAK DISINTEGRATION
In this section we briefly present the basic formalism for the electroweak disintegration of the deuteron. We follow closely the formalism and notation for electrodisintegration as outlined in Ref. [21] and extend it to the electroweak case.
The amplitude for electron scattering off a nucleon or nucleus contains in the lowest order contributions from both virtual γ and Z exchange, with the latter naturally being strongly suppressed (see Fig. 1 ). The invariant matrix element in the one-boson-exchange approximation thus contains two contributions
where
Here and in the following, the superscripts γ and Z indicate the electromagnetic and weak neutral current contribution. The lepton and hadron currents are denoted by j 
characterizes the relative weight of the weak compared to the electromagnetic process. Here θ W denotes the Weinberg angle, and e = g sin θ W . In the following we use sin 2 θ W = 0.232.
In terms of the weak Fermi coupling constant G F one has
Proceeding as in the electromagnetic case and taking the soft-pion-limit to eliminate the longitudinal current in favour of the charge density, we obtain in analogy to the pure electromagnetic process the following expression for the differential cross section including both beam and target polarization (for details see [22] )
where the terms quadratic in the weak amplitude (T 
They obey the symmetry relations
The nonvanishing components are
with
where β expresses the boost from the lab system to the frame in which the hadronic tensor is evaluated and q c denotes the momentum transfer in this frame. In this work, we take the c.m. frame of the final np state for the evaluation, and the momentum transfer in this frame will be denoted by q throughout.
In Eq. (6), the T -matrices were introduced, which are related to the electromagnetic and neutral current matrix elements between intrinsic states by
where α = e 2 /4π denotes the fine structure constant, M d and E d the deuteron mass and energy, respectively, and E the nucleon energy in the np c.m. frame. Here, the c.m. motion of the initial and final hadronic states with c.m. momenta P i and P f , respectively, have been eliminated already and one should note that the intrinsic current operators depend also on
The final intrinsic state is characterized by the relative np-momentum p np , the spin s and its projection m s for which the direction of p np is chosen as quantization axis, whereas for the initial deuteron state the momentum q of the virtual boson is chosen as quantization axis. The direction of p np is described by the angles θ and φ with respect to a coordinate system whose z-axis is chosen parallel to q and the y-axis parallel to k 1 × k 2 (for details see Then the φ-dependence of the T -matrices can be separated so that the reduced t-matrices depend on θ and q only
The electromagnetic current matrix element can be split into a leading, parity conserving part (γ v ) and a very small contribution (γ a , analogue to an axial current) from parity violating components of the wave functions
For the parity conserved part, the transformation properties under space and time inversion lead to the following symmetry property for the reduced t-matrices
while for the parity violating part one finds
Just as for the leptonic current, one has two contributions for the weak hadronic current, namely a vector and an axial vector piece
The reduced t-matrices t
have the same symmetry properties as in (20) for v and in (21) for a.
Now one can proceed exactly as in [21] by inserting the deuteron density matrix, which is characterized by vector and tensor polarization parameters P deuteron target with respect to the coordinate system associated with the three-momentum transfer q (see [21] for details), and exploiting the symmetry properties of the boson density matrices and the reduced t-matrices. It is useful, in order to distinguish the contributions according to their parity properties, to introduce the following two index sets
because, as will be apparent below, the contributions to the cross section from the same set have formally the same type of structure functions.
In Ref. [21] , all observables had been classified according to their parity properties, i.e., a set A for the scalar and a set B for the pseudoscalar observables. To each set belongs a corresponding set of structure functions. Having now two types of t-matrices (v-and a-type)
it is obvious that the combinations v-v and a-a lead to the same type of structure functions as in [21] , whereas for the v-a combinations the role of the A-and B-type observables is interchanged. Keeping this in mind, one finds the following compact expression for the differential cross section
where we have defined
The abnormal parity admixture in the deuteron has been considered for photon exchange only. Here, we have introduced for C ∈ S v ∪ S a , where C characterizes the different current contributions,
For C ∈ S v , the structure functions correspond to those of the A-type observables in [21] while for C ∈ S a , they correspond to the ones of the B-type observables as already mentioned above.
The various structure functions which appear in (29) and (30) are defined by
where M ≥ 0 and C ∈ S v ∪ S a . Furthermore, we have introduced
For completeness we list for all polarization observables the corresponding structure functions in the Appendix.
Note that some of the structure functions vanish identically. First of all, for those with M = 0 one finds from the above definitions
for α = L, T, LT, T T . Additional vanishing structure functions follow from the symmetry
The quantities v C λµIM are given in terms of the t-matrix elements by
They obey two symmetry relations. The first one follows from (20) and (21) v
and the second one from complex conjugation
These relations may be combined to give
In particular, one finds from (44)
implying that v C λλI0 is real, and from (45)
from which follows that v C λ−λIM is real or imaginary for (−) I+δ C = 1 or −1, respectively.
The structure functions without target polarization ((IM) = (00)) are then for C ∈ S v with the notation f
, and using (46)
Analogously, one finds for the parity violating structure functions (C ∈ S a ) without target polarization with the notation f
, and using again (46)
Then we find for the differential coincidence cross section without target polarization
It is apparent that parity violation in the hadronic sector (γ a ) and via the weak axial hadron current (Z a ) lead to the same type of structure functions so that they always appear together in the combination f
. Similarly, the vector contributions appear always in the form f
. We note in passing, that such an expression without the γ a -contributions has also been derived in [18] .
The inclusive cross section for an unpolarized target, denoted by Σ(h), is then obtained by integration over Ω np of the outgoing nucleon
where we have introduced the inclusive form factors by
One should note, that the helicity dependent part is a direct measure of the total parity violating contributions from hadronic parity violation and from electroweak interference.
III. HADRONIC PARITY VIOLATION
A weak parity violating NN interaction V pnc is in principle always present in addition to the strong and parity conserving NN interaction V pc , with an estimated relative strength of the order V pnc /V pc ≈ 10 −7 . Since the strong NN interaction is highly repulsive at small distances (hard core), the effect of a direct zero range weak NN interaction is negligible. In analogy to the strong NN interaction, one therefore assumes a one-boson-exchange model for the weak NN interaction. In this case, one of the meson-nucleon vertices is parity violating and associated with the weak interaction, while the other (strong) vertex is parity conserving. With this assumption, the whole physics is contained in the weak coupling constants.
Due to the presence of the hard core, one can neglect the exchange of mesons with mass greater than the ρ-mass m ρ , since they lead to a very short range potential. As shown by Barton [23] , the parity violating potential cannot be reduced to one-pion-exchange (OPE) alone, if only strangeness conserving weak currents are included and CP invariance is assumed. This argumentation can be extended to the exchange of any pseudoscalar meson, forbidding the exchange of any neutral pseudoscalar meson (e.g. π 0 ) and yielding an isovector component (∆I = 1) in the Hamiltonian for the charged pseudoscalar mesons [1] . Assuming a specific model for the weak interaction, for example, in the GWS-model, one can derive from the transformation properties under isospin rotations that the neutral currents dominate the isovector component of the Hamiltonian [4] . Thus -and due to the fact that in some experiments ∆I = 1 is completely absent -the exclusive consideration of OPE (only π ± with ∆I = 1) is not sufficient and the exchange of vector mesons (ρ, ω) has to be included. However, the OPE potential is not negligible due to its long range. The resulting effective NN potential is given in Ref.
[20]
with the usual Yukawa function
Furthermore, M denotes the nucleon mass and p = 1 2
Here, seven a priori unknown weak coupling constants appear. Specific values for them are given below.
In order to calculate the opposite parity admixture of the deuteron wave function, perturbation theory of first order is sufficient. The admixed parity violating component is then given by
where | d 
whereũ LS (p) denotes the radial part and p|T m T ; (LS)JM the isospin, spin and angular momentum part of the wave function. In the familiar spectroscopic notation, this corresponds to 3 P 1 und 1 P 1 states. Both parts obey the Pauli principle, i.e., the wave function is antisymmetric. The radial functions are given bỹ
andũ
According to Ref. [24] , h ′1 ρ is comparably small and thus is usually neglected. There exist various approaches to give theoretical estimations for the remaining coupling constants, e.g. [20, [25] [26] [27] . In Ref. [20] a unified treatment based on the quark model is performed and we use the estimated "best values" given there for the weak coupling constants and listed in Table I .
The radial functions are shown in Fig. 3 . For the unperturbed wave function, the parametrization by Machleidt et al. [28] for the Bonn OBEPQ model has been used. In momentum space, the parity violating P waves are much more spread out than the normal S and D waves indicating a much shorter range in coordinate space. This is particularly pronounced in the 1 P 1 -part because the π exchange part of V pnc does not contribute here (see (62)). The total P -state probability is P P = 2.7 × 10 −14 , which corresponds to an admixture amplitude that is of the order of magnitude expected [19] and in qualitative agreement with [14] .
For the explicit calculation of the structure functions, we have chosen the quasifree region where the total momentum of the exchanged boson can be transferred completely to one nucleon. In this case, the active nucleon is ejected in the forward direction with respect to q while the other nucleon acts as a spectator and remains at rest in the lab system.
The momentum transfer and the relative np final energy are then no longer independent.
Their dependence defines the quasifree ridge in the E np -q 2 -plane which is characterized by
The quasifree kinematics has the advantage that the final state interaction and two-body effects are small [29] and thus will be neglected here. This means that we evaluate the T -matrix elements of (16) 
where χ s denotes a Pauli spinor, q = p f − p i the momentum transfer, and G E/M (q 2 ) electric and magnetic Sachs form factors, respectively. We use the dipole parametrization with G En in the Galster form [30] .
We show in Fig. 4 for two momentum transfers ( q 2 = 4 fm −2 and 12 fm −2 , corresponding to E np = 40 MeV and 120 MeV, respectively) the pnc structure functions f With respect to target orientation, we note that in the parity conserving case, the struc-
vanish in Born approximation, as can be seen from (33) . In general one sees that for a polarized target, the relative order of magnitude between pc and pnc structure functions varies from 10 −4 to 10 −7 .
IV. ELECTROWEAK INTERFERENCE
As we have seen in Sect. II, the presence of the electroweak interference leads to additional structure functions in the expression (25) for the differential cross section. One should keep in mind that the terms proportional to a a result from the interference of the leptonic axial current with the weak hadronic vector current, whereas the structure functions f 
where for X = E, M
denote the isoscalar and isovector e.m. nucleon Sachs form factors and G
(s)
E/M (q 2 ) the strangeness form factor, i.e., the contribution of the ss density of the nucleon.
The axial current of the nucleon in nonrelativistic reduction is given by
with the weak axial nucleon form factor
where G
A (q 2 ) is defined in (66) for X = A. For the axial form factor a dipole parametrization with mass parameter M a = 1.032 GeV is assumed with G
A (0) and G
A (0) determined from neutron beta decay and neutrino scattering data, respectively [32] . For the isovector part of the weak vector form factors we use a dipole fit, while for the isoscalar part and the strange form factors we use the fit of Jaffe et al. [33] .
Because of the Born approximation, resulting in real v's, some of the structure functions with the appropriate factor a v or a a as they appear in the helicity dependent part of the differential cross section (see (54)) in order to represent the appropriate order of magnitude.
As has been mentioned, the pnc structure functions from the hadronic vector current are related to the leptonic axial current and thus have no equivalent in the case of P -wave admixture in the deuteron. Their size is about 10 −4 − 10 −7 relative to the pc structure functions. Except for f Zv T T at q 2 = 4 fm −2 , all pnc structure functions exhibit enhanced maxima or minima at forward and backward angles, typical for quasifree kinematics. They show furthermore a stronger dependence on q 2 than the corresponding structure functions for the pnc deuteron components, because for the latter the transition current density is much shorter ranged.
The structure function f ′ Za T in Fig. 9 is in absolute value about three orders of magnitude higher than its equivalent f ′ γa T due to the P -wave admixture. The peaking at forward and backward angles is narrower and for the forward angles of opposite sign (cf. Fig. 4 ). This is not true for f ′ Za LT which is of the same order of magnitude, but slightly smaller than the corresponding P -wave structure function f ′ γa LT in Fig. 4 . It shows a similar behaviour at forward angles, whereas its minimum at backward angles is much more pronounced.
V. INCLUSIVE LONGITUDINAL ASYMMETRY
The parity violating observable that is measured in inclusive electron scattering off an unpolarized deuteron target is the longitudinal asymmetry
With the inclusive differential cross section from (55), Σ ± = Σ(±h) for h > 0, neglecting the tiny contributions from Z exchange, one finds
According to (55), one may split the asymmetry into the contributions from hadronic and electroweak parity violation, namely
The contributions of the different inclusive form factors are exhibited in Fig. 10 Fig. 11 . Since for a given momentum transfer q lab the asymmetry depends also on the electron kinematics through the lepton density matrices, we have chosen two laboratory scattering angles, one at a more forward direction (θ e = 35
• ) and one backward angle (θ e = 170 • ). One readily notes that the beam asymmetry A γa due to the P -wave in the deuteron varies strongly with the scattering angle.
Indeed, it is relatively more suppressed for backward scattering than A Z . Furthermore, it is apparent that A γa is negligible compared to A Z over the whole range of momentum transfers considered here. 
VI. SUMMARY AND CONCLUSIONS
In this study two mechanisms of the weak interaction have been investigated that introduce parity violation in electrodisintegration of the deuteron, namely electroweak γ-Z interference and parity violating components in the nuclear wave function. We have derived the formal expressions for all observables including beam polarization and target orientation in terms of pc and pnc structure functions. For the explicit calculation, we have concentrated on the quasifree region where final state interaction, meson exchange currents and isobar configurations could be neglected.
In the hadronic part a parity violating NN potential was considered which led to an abnormal parity admixture in the deuteron wave function. The P -wave component in the deuteron wave function consists of two parts, a spin singlet and a spin triplet. The total Pstate probability is very small (2.7 × 10 −12 %). Compared to the pc structure functions, the pnc structure functions are suppressed by orders 10 −4 − 10 −7 . The resulting parity violating form factors are three orders of magnitude smaller than the ones from Z-exchange. For this reason one can safely neglect the contribution of the P -wave admixture in the deuteron to the beam asymmetry for longitudinally polarized electrons in the quasifree domain and need only to consider the dominant contribution from Z-exchange.
As already mentioned, there is a great deal of interest in experiments to determine strange quark contributions to hadronic matrix elements. Several experiments are underway or planned, e.g., at MIT-Bates [12] , Mainz [11] and CEBAF [10] . In connection with this study, the SAMPLE experiment at MIT-Bates [12] is of special interest, since it measures the strange magnetic form factor G (s)
M at quite low momentum transfer as determined in parity violating electron scattering off hydrogen and deuterium. Even here, we have not found significant effects from parity violation in the hadronic sector.
In order to study parity violation in the hadronic sector, one has to go away from the quasifree kinematics closer to the photon point so that the influence of the electroweak interference is suppressed. In this respect, we consider this study as starting point for further investigations, in particular with respect to the role of final state interaction, meson exchange currents and isobar configurations.
APPENDIX: POLARIZATION OBSERVABLES AND STRUCTURE FUNCTIONS
In this appendix we will give explicit expressions for the various polarization observables in terms of corresponding structure functions. Denoting a general polarization observable by X as listed in Table II one finds
where, in analogy to (30), we have defined for
where the U λ ′ λIM,C X are given in terms of the quantities
by the following expressions:
(i) differential cross section (X = 1)
(ii) single nucleon polarization
where the quantities V
Note, that the components of the spin operators of both particles refer to the frame associated with the final np c.m. system denoted by (x, y, z). Its z-axis is parallel to p np in the reaction plane and its y-axis parallel to q × p np perpendicular to the reaction plane.
Thus the polarization components of particle "1" (here the proton) are chosen according to the Madison convention while for particle "2" (neutron) the y-and z-components of P have (2) x (1)x (2) x (1)z (2) y (1)y (2) z (1)x (2) z (1)z (2) B x(1) z (1) x (2) z (2) x (1)y (2) y (1)x (2) y (1)z (2) z (1) 
